Introduction
Streptococcus pneumoniae is a major cause of serious infections associated with high morbidity and mortality globally. 1 Normally, S. pneumoniae colonizes asymptomatically in the nasopharynx of healthy carriers; however, it can be pathogenic and transmit to other locations, causing both noninvasive and invasive diseases in susceptible individuals, particularly in young children and elderly people. 2 Invasive pneumococcal 
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Cai et al disease (IPD) is defined as isolation of S. pneumoniae from a normally sterile body site, such as blood, cerebrospinal fluid (CSF), synovial fluid, pericardial fluid, pleural fluid, and peritoneal fluid, corresponding with bacteremia, meningitis, septic arthritis, pericarditis, pleurisy, and peritonitis, respectively. 2 Mortality rates of children associated with IPD are approximately 5.3%-27.5%, and even higher dependent on the IPD type. [3] [4] [5] [6] It has been reported that IPD causes more than 1 million deaths annually worldwide, mostly children aged <5 years. 7, 8 Most of IPD associated deaths occur in developing countries, including China. 1, 7 In 2000, it was estimated that around 30,000 children <5 years old died from IPD in China. 1 Studies have aimed to analyze pediatric IPD characteristics in different regions of China in the last few decades. For example, 31 pneumococcal isolates of IPD patients aged <5 years from eight cities were reported in 2008. 9 In another study, 61 invasive pneumococcal strains were isolated from pediatric patients in a single hospital. 10 A study of eleven centers identified 171 pneumococcal isolates from pediatric IPD cases, which yielded 5.2 pneumococcal isolates per hospital per year on average. 11 In addition, a total of 80 IPD children were identified from January 2010 to December 2015 in Suzhou. 12 In the current study, we aimed to analyze clinical features of pediatric IPD cases identified in Shanghai and Lanzhou, China and antimicrobial resistance of pneumococcal strains isolated from those IPD children.
Methods

Study cohort
A total of 123 hospitalized children <14 years of age diagnosed with confirmed IPD between January 2008 and December 2017 in the pediatric departments of Xinhua Hospital, Shanghai Jiao Tong University School of Medicine, and Lanzhou University Second Hospital, China, were prospectively enrolled in the study. Shanghai is located in the east of China, and Lanzhou in the west. The diagnosis of IPD was based on cultures positive for S. pneumoniae that were isolated from a normally sterile body site, including blood, CSF, synovial fluid, pericardial fluid, pleural fluid, and peritoneal fluid. Non-IPD children with S. pneumoniae from sputum were excluded from the study. Pneumococcal sepsis was defined by a positive blood culture for S. pneumoniae with at least two of four criteria: fever >38.0 °C or hypothermia <36.0 °C, tachycardia >90 beats/min, tachypnea >20 breaths/min, leukocytosis >12×10 9 /L, and leucopenia. 13 Necrotizing pneumonia was diagnosed by the formation of abscesses and cavitation within the lung parenchyma. 
S. pneumoniae isolation
Blood, CSF, synovial fluid, pericardial fluid, pleural fluid, and peritoneal fluid samples taken from IPD children were inoculated on blood-agar plates and incubated at 35°C, 5% CO 2 incubators for 24 hours. S. pneumoniae isolates were identified by colony morphology on blood agar and optochin test, and confirmed by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (Microflex LT; Bruker, Billerica, MA, USA). For MALDI-TOF analysis, bacterial proteins from blood cultures were extracted using a MALDI Sepsityper kit (Bruker). Each purified bloodculture extract (1 µL) was transferred to an individual spot on the Bruker 96-spot target plate and covered with a 1 µL α-cyano-4-hydroxycinnamic acid matrix (Bruker). The target plate was then read and analyzed by the Bruker Microflex LT system. A protein profile of each specimen with m/z values of 3,000-15,000 was generated based on a minimum of 240 laser-shot measurements. Profiles were further analyzed using Biotyper 3.0 software (Bruker) in blood-culture mode according to the manufacturer's recommendation. 
Antimicrobial resistance testing
Statistical analysis
Statistical analysis was performed with SPSS 24 for Windows. Rank-sum tests were used to evaluate the significance of different groups. All data are presented as medians with IQR. Statistical significance was defined as P<0.05.
Results
Clinical and demographic characteristics of pediatric IPD patients
Among a total of 123 hospitalized children diagnosed with IPD from January 2008 to December 2017, 68 were enrolled from the pediatric departments of Xinhua Hospital, and 55 from Lanzhou University Second Hospital. As shown in Figure 1 , a total of 151 S. pneumoniae isolates were isolated from specimens of 123 patients, including 82 isolates from blood, 29 isolates from CSF, and 40 isolates from pleural fluid. There were 28 repeated isolates from different types of specimens from the same patients (13 repeated isolates from blood and CSF specimens, 15 repeated isolates from blood and pleural fluid). No statistical difference was observed by comparison of characteristics of subjects from the two sites, including age, sex, and clinical manifestations (data not shown). As shown in 
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Cai et al nine with congenital heart diseases, eleven with malnutrition, and 15 with anemia. Concurrent infection was noted in 45 patients: nine (7.32%) children were coinfected with EBV, eleven (8.94%) with respiratory syncytial virus, and 25 (20.33%) with Mycoplasma pneumoniae. None of the IPD children was taking pneumococcal conjugate vaccine (PCV). Data on health status at hospital discharge showed that 120 (97.56%) children were clinically healthy when they left the hospital, while three (2.44%) had died.
Comparison of disease severity in IPD children with or without sepsis
Among 82 IPD children who developed sepsis, 58 (72.5%) were male, and all patients aged <12 months (30) developed sepsis ( Table 2) . Comparison of laboratory tests showed that the number of subjects with elevated white-blood-cell counts and CRP levels were significantly higher in patients with sepsis than those without sepsis. In pediatric IPD subjects who developed sepsis, the proportions of intensive care-unit admission, intravenous γ-globulin (IVIG), glucocorticoid use, hemofiltration, and ventilator were 56.09%, 92.68%, 97.56%, 47.56%, and 14.63%, respectively, significantly higher than nonsepsis patients. Hospital data showed that duration of fever, hospital stay, and antibiotic use in the sepsis group were 12 (IQR 9-15), [16] [17] [18] [19] [20] , and 17 (IQR 15-22) days, respectively, significantly longer than the nonsepsis group: 7 (IQR 6-9), 11 (IQR 8.5-13), and 11 (IQR 9-14) days. The overall mortality rate was 3.66% (three of 82) in the sepsis group, and no deaths happened in nonsepsis patients ( Table 2) .
Comparison of disease severity in IPD children with necrotizing pneumonia and pneumonia A total of 41 IPD children were diagnosed with pneumonia, with necrotizing pneumonia observed in eleven (Table 3) . 
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Clinical features and antibiotic resistance in pediatric IPD
All patients with necrotizing pneumonia showed elevated white-blood-cell counts. Hydrothorax was observed in most IPD patients with necrotizing pneumonia (eight of eleven, 72.72%). Proportions of pediatric IPD subjects that received bronchoscopy, pleural perfusion, ventilator, and hemofiltration were 81.81%, 45.45%, 54.54%, and 100% in necrotizing pneumonia patients, significantly higher than patients with pneumonia. All pediatric IPD subjects with necrotizing pneumonia were treated with IVIG and glucocorticoid. Hospital data showed that duration of fever, hospital stay, and antibiotic use was 15 (IQR 13-18), 25 (IQR 23-26), and 23 (IQR 21-25) days, respectively, significantly longer than the pneumonia group (Table 3) .
Antimicrobial resistance
As shown in 
Discussion
S. pneumoniae is a leading bacterial pathogen that causes both noninvasive and invasive diseases worldwide. 1, 15, 16 It was estimated that S. pneumoniae caused 14.5 million episodes of serious disease and was responsible for 11% of all deaths in children aged <5 years in 2000. 1 In the current study, we identified a total of 123 pediatric IPD patients from January 2008 to December 2017 in Shanghai and Lanzhou, China. Most patients (98, 79.67%) were <5 years old and diagnosed during the cold season, which was similar to several recent reports from China. 12, 17 For example, a recent study showed that most pediatric IPD patients (77 of 80) were aged <5 years. 12 Normally, IPD causes more severe clinical symptoms than noninvasive community-acquired pneumonia and can be fatal. Among these confirmed pediatric IPD cases, the 
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Cai et al overall mortality rate was 2.44% (three of 123), which was lower than other reports with mortality of 5.3%-27.5%. [3] [4] [5] [6] IPD was defined as culture-positive S. pneumoniae from normally sterile body sites. 
P-value
I, n (%) R, n (%) I + R, n (%) I, n (%) R, n (%) I + R, n (%) Our data showed that 82 blood specimens, 31 CSF specimens, and 40 pleural fluid specimens from 123 IPD subjects were S. pneumoniae-positive. Some patients were found to be S. pneumoniae-positive from more than one sterile 
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Clinical features and antibiotic resistance in pediatric IPD body site, ie, 13 subjects were S. pneumoniae-positive in both blood and CSF, and 17 were S. pneumoniae-positive in both blood and pleural fluid. Based on the clinical features and results of S. pneumoniae culture results, the numbers of children diagnosed with meningitis, pneumonia, pleurisy, and osteomyelitis were 48 (39.02%), 41 (33.33%), 30 (24.39%), and 4 (3.25%), respectively. It has been implicated that the presence of an underlying chronic disease is a risk factor for IPD. 4, 18, 19 Two recent studies showed that around 15%-16% of IPD children had an underlying disease. 12, 20 In our identified IPD cases, underlying diseases were observed in 35 (28.45%) patients. Furthermore, concurrent infection with other pathogens was also reported in IPD children. It has been reported that most IPD children (44 of 71, 62%) <5 years of age were coinfected with respiratory virus, with rhinovirus and influenza virus being the most frequently detected. 21 Concurrent infection was also noted in our study: 45 patients (36.58%) were coinfected with other pathogens, including EBV and respiratory syncytial virus.
S. pneumoniae-caused bacterial sepsis is a main lifethreatening pneumococcal disease in children. A study has shown that 13.3% of subjects suffered sepsis among 15 IPD cases with S. pneumoniae positive in blood. 22 Chiu et al showed that 28 pediatric patients (56%) had sepsis among 50 identified IPD patients. 20 In a study from Peru, 7.9% of pediatric patients were diagnosed with sepsis in a total of 101 IPD episodes studied, with an overall case-fatality rate of 22.0%. 23 From January to December 2006, 768 children with sepsis were observed in three hospitals with 2,219 hospitalizations of IPD children <5 years of age in Bangalore, India, and 87 deaths were attributable to sepsis in a total of 178 deaths. 24 It was reported that two of five fatal cases among 41 confirmed pediatric IPD were due to sepsis. 25 In the current study, a total of 82 (66.67%) pediatric IPD patients with sepsis were identified, which was comparable with the study by Chiu et al. 20 Comparison of disease severity and outcome of IPD children with or without sepsis showed that patients with sepsis had more severe symptoms, higher proportion of referrals to intensive care units, longer duration of hospital stay, fever, and antibiotic use, and all three deaths were in IPD patients with sepsis. All patients aged <12 months developed sepsis, suggesting that young age is a high risk factor for sepsis in IPD.
Pneumonia is a major common clinical complication of S. pneumoniae infection. Studies show that the majority of pediatric IPD subjects suffer from pneumonia. 18, 20 Necrotizing pneumonia is defined as the development of necrosis, liquefaction, and cavitation of the lung parenchyma from an infectious pathogen, including S. pneumoniae. 26 Necrotizing pneumonia remains an uncommon complication of pneumonia in children, but its incidence is increasing. Pneumococcal infection is the predominant cause of necrotizing pneumonia in children. 14 In all 41 IPD children with pneumonia, 11 were diagnosed with necrotizing pneumonia, and the proportions of pediatric IPD subjects receiving bronchoscopy, pleural perfusion, ventilator, and hemofiltration were significantly higher in patients with necrotizing pneumonia than pneumonia. The numbers of patients treated with IVIG and glucocorticoid were significantly higher in necrotizing pneumonia subjects, and duration of fever, hospital stay, and antibiotic use were longer than pneumonia, suggested that more intensive care was required in IPD children with necrotizing pneumonia.
Pneumococcal resistance to antimicrobials is a serious and growing problem globally, particularly in Asian regions. It has been shown that Asian regions have the highest levels of S. pneumoniae-antibiotic resistance. 27 High erythromycin-resistance rates S. pneumoniae isolates have been reported in several studies in China, eg, rates of 96.4% in Beijing, 17 85.7% in Shanghai, 28 and 92.1% in Chongqing. 29 A multicenter survey of eleven centers also showed a high rate of erythromycin resistance -95.9%.
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In the present study, the erythromycin-resistance rate of S. pneumoniae was high, at 96.75% (119 of 123), suggesting an increasing trend of pneumococcal erythromycin resistance in China. Similar to other studies in China, 11, 29 the resistance rate to trimethoprim-sulfamethoxazole (79.67%) of S. pneumoniae was also high in the current study, followed by tetracycline (77.23%) resistance. Insusceptibility rates of penicillin, amoxicillin, chloramphenicol, ceftriaxone, cefotaxime, and meropenem were 27.64%, 21.13%, 18.69%, 29.36%, 31.71%, and 48.78%, respectively. We found that all isolates were sensitive to vancomycin, linezolid, and levofloxacin.
Because of costs and lack of disease-burden data, the Chinese government has not adopted PCV in its national immunization program. PCV7 was approved by the Chinese Food and Drug Administration in 2008; however, uptake was low and concentrated in cities. 30, 31 The administration approved PCV13 for use in infants and children in a 3+1 schedule at 2, 4, and 6 months of age, with a fourth (booster) dose administered at approximately 12-15 months of age in 2016. 31, 32 However, PCV is currently available only for infants whose parents are able to pay for the vaccine. Studies have shown that PCV coverage was around 10% for children aged 2-7 years living in Shanghai, and locals had higher coverage than the floating population. 30, 33 In this study, non IPD children were taking PCV.
Several limitations exist in the present study. Firstly, the serotypes of S. pneumoniae isolates were not determined. Serotyping of pneumococcal isolates should be included in future investigations. Secondly, the sample size of our study was limited. More pneumococcal strains and study of isolates from other clinical specimens should be collected in future work.
Conclusion
S. pneumoniae is a pathogen that causes invasive diseases, particularly in young children. We found that the majority of the 123 identified IPD children were <5 years old. Clinical symptoms were severe in IPD children, and more intensive treatments were required for IPD children with sepsis and necrotizing pneumonia. Antimicrobial resistance tests of S. pneumoniae isolates found high insusceptible rates of erythromycin, trimethoprim-sulfamethoxazole, and tetracycline. All isolates were sensitive to vancomycin, linezolid, and levofloxacin. Pneumococcal vaccination is recommended, and intensive care should be considered for IPD children.
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